and Catassi, 2001) , and many hybrids have high levels of antioxidants and dietary fi ber (Rooney and Awika, 2005) .
Little research has been conducted on comparing the infl uences of the environment and agronomic practice on the grain quality of sorghum hybrids. In a companion study, the environment was found to have the largest eff ect on variation in grain yield, kernel mass, kernel density, and kernel composition; the hybrid to have an intermediate eff ect; and the environment-by-hybrid interaction to have minor importance, accounting for less than 2% of the total variation (Griess et al., 2010) . This research indicated that dryland production environments with a nonlimiting N supply produced dense sorghum kernels with high protein and low starch concentrations, as also reported by Johnson et al. (2010) , Taylor et al. (1997) , and Kaye et al. (2007) , whereas irrigated production environments produced softer grain. Asgrow Orbit and ICRISAT Macia produced the densest kernels with high protein and low starch concentrations, whereas Kelly Green Seeds KG6902; NC+ Hybrids 7W92; and Fontanelle W-1000 produced soft kernels with low protein and high starch concentrations (Griess et al., 2010) .
Rapid visco analysis (RVA) of starch is a method that relates biochemical components to hardness (Fox and Manley, 2009) , which has been related to maize density (Almeida-Dominguez et al., 1997; Narváez-González et al., 2007; Barbosa Pinto et al., 2009 ). This method measures the viscosity developed during hydration and subsequent gelatinization of starch granules during heating and stirring in excess water (Almeida-Dominguez et al., 1997) , including the pasting temperature when gelatinization begins and the peak viscosity at full gelatinization. When held at the maximum temperature and stirred, the starch molecules become oriented (shear thinning), and the viscosity declines to the trough viscosity (holding strength). The diff erence between peak and trough viscosity is termed breakdown viscosity, and a low value indicates shear-force stability under heated conditions. As the temperature is lowered, the viscosity increases to a fi nal viscosity, with the diff erence between the fi nal and trough viscosities being termed the setback viscosity. These starch-viscosity properties help predict the functionality of food products. High peak, fi nal, and setback viscosities have been associated with high ethanol yield from sorghum grain (Zhao et al., 2008) ; high pasting temperatures with the need for intensive cooking to produce high consumable alcohol yields (Agu et al., 2006) ; and low peak viscosity with softer endosperm, greater expansion of starch during cooking, and production of less-stiff porridges (Taylor et al., 1997) . Rapid visco analysis of starch has been used to determine the eff ect of processing on tortilla quality (Gomez et al., 1992) ; the pasting characteristics of maize, wheat (Triticum aestivum L.), and potato (Solanum tuberosum L.) starch (Deff enbaugh and Walker, 1989) ; and the association of high peak and fi nal viscosity with the quality of noodles made from sorghum grain ; and it was used to assess genetic diversity in South African sorghum landraces for starch properties ). Ragaee and Abdel-Aal (2006) tested whole sorghum fl ours and found higher paste stabilities than for barley (Hordeum vulgare L.), pearl millet [Pennisetum glaucum (L.) R. Br.], and rye (Secale cereal L.), indicating sorghum grain's high potential as an ingredient in food products that are exposed to high temperatures and mechanical stirring. Most studies have used RVA to study sorghum-kernel properties and/or genetic diff erences ), but none have studied the joint infl uence of the production environment and sorghum hybrid on starch properties. The objective of this research was to determine the eff ects of the environment and hybrid on RVA fl our properties of modern food-grade grain sorghum hybrids.
MATERIALS AND METHODS
Field experiments were conducted in 12 Nebraska environments, with each location-year combination being considered an environment (Table 1 All commercial food-grade sorghum hybrids available in 2004 and adapted to Nebraska were included in the experiment. Nine commercial food-grade hybrids and six commercial non-food-grade hybrids with maturity range classifi cations similar to the food-grade hybrids were used as checks (Table 2 ). In addition, Macia, a white-grain, tan-plant sorghum variety from Africa was used as a high-grain-quality check (Dlamini et al., 2007) .
The experiment was conducted as a randomized complete block experiment with three replications in each environment. Monthly average temperatures and precipitation totals for each environment and detailed fi eld experimentation procedures are presented in Griess et al. (2010) . The environments and hybrids were considered fi xed eff ects in the model, while block eff ects within an environment were considered random. Preplanned single-degree-of-freedom contrasts based on the experimental design, some being orthogonal and others not, and LSDs (p = 0.05) were used to separate the main-eff ect means for all parameters measured, and Pearson correlation coeffi cients were calculated to determine the relationship among yield, kernel mass, density parameters, protein and starch concentrations, and RVA parameters. The eff ects of environment-by-hybrid interactions were studied by partitioning sums of squares for food-grade and nonfood-grade hybrids and the hybrid maturity eff ects, which were tested by ANOVA, and then graphing on environmental means to assist with interpretation (Budak et al., 1995; Griess et al., 2010) .
Pasting properties of fi nely ground sorghum fl our were determined using RVA (RVA-4, Newport Scientifi c, Warriewood, (R ≈ 0.30-0.50) with all RVA parameters measured, except for peak viscosity (Table 4 ). The hardness parameters of bulk density, true density, and removal by tangential abrasive dehulling device showed moderate correlations (R ≈ 0.30-0.50) for most RVA parameters, except for low correlations with peak viscosity and higher correlations with peak time (R ≈ 0.60). Almeida-Dominguez et al. (1997) reported that grain density in maize was correlated with low peak viscosities and high peak temperatures and indicated that softer maize grain developed a greater viscosity more rapidly than denser maize Australia) as described by Walker et al. (1988) . Whole-grain-fl our samples of 3.5 g were ground using a Perten Laboratory Mill 3100 (Perten Instruments, Stockholm, Sweden) using a 1-mm screen. Samples were corrected to 140 g kg Ϫ1 moisture concentration and added to 25 mL water in an aluminum cup with a plastic paddle. Stirring at 500 rpm for 8 s by the RVA-4 ensured that fl our was thoroughly slurried with water at the beginning of the test. The constants for RVA were stirring speed, paddle type and clearance, sample volume, and heating-and-cooling profi le. The viscosity of the fl our paste was continuously measured throughout the test in centipoise (cP) units. Rapid-viscoanalysis pasting curves indicating the viscosity measurements were recorded by Thermocline version 2.2 software (Newport Scientifi c). The fi ve viscosities recorded for analysis of whole sorghum fl our were peak viscosity, the maximum viscosity of hot paste; holding viscosity, the minimum hot-paste viscosity at the bottom of the "trough"; breakdown viscosity (peak viscosity − holding viscosity); fi nal viscosity, the viscosity at the end of the test; and setback viscosity (fi nal viscosity − holding viscosity). Two other measurements recorded were peak time, the time when peak viscosity occurred, and pasting temperature, the temperature when viscosity fi rst increased by at least 25 cP over a 20-s period. Fifteen-gram samples were evaluated for protein (Padmore, 1990) and starch (Hall, 2001) concentrations by Ward Laboratory, Kearney, NE. Although the protein and starch concentrations were previously presented in Griess et al. (2010) , they are presented again in this paper because of their importance in interpreting RVA results and for the readers' convenience.
RESULTS AND DISCUSSION

Correlation Analysis
Correlation among RVA parameters were generally signifi cant, with peak viscosity being correlated with all other parameters (R = 0.42-0.84; Table 3 ). Grain yield and kernel mass from Griess et al. (2010) had moderate correlations grain. In dense kernels a protein matrix surrounds the starch, so starch hydration is slow, and thus the fi nal and setback viscosities are lower due to fewer starch molecules being released from granules compared with softer kernels. Protein concentration was moderately correlated with most RVA parameters but had higher correlations with peak, breakdown, and trough viscosities and peak time. In contrast, starch concentration was not associated with pasting temperature, since pasting temperature is related to the internal starch structure of starch granules instead of to the starch concentration (Narváez-González et al., 2007) . Starch concentration had relatively high correlations with fi nal, trough, and setback viscosities, in contrast with the results of Barbosa Pinto et al. (2009) . Beta et al. (2000) reported that peak viscosity for sorghum starch was positively correlated with breakdown and negatively correlated with setback viscosities, whereas setback viscosity was negatively correlated with peak viscosity and positively correlated with fi nal viscosity. In that study, the textural hardness of gels was positively correlated with fi nal and setback viscosity and negatively correlated with peak and breakdown viscosities.
Analysis of Variance
Mean squares in the ANOVA indicated that environment, hybrid, and environment-by-hybrid-interaction eff ects were signifi cant for all RVA parameters. However, the environment accounted for 71-85% of the total variation, the hybrid accounted for 11-23%, and the environmentby-hybrid interaction for only 1-3% (Table 5 ). Rhymer et al. (2005) found similar results for RVA analysis of oat (Avena sativa L.) fl our. Therefore, this paper will focus on the main eff ects of the environment and hybrid.
Environment
Protein concentrations were greater in more stressful production environments (i.e., low N and limited water), while starch concentrations were higher in less-stressful production environments (i.e., adequate N, irrigated) (Tables 1 and 6 ), results that were consistent with the expected inverse relationships between protein concentration and starch (Barbosa Pinto et al., 2009) . Identifying environments producing grain with consistent cooking and pasting properties would require food processors to make only minor adjustments to maximize the quality of the fi nal product (Tester and Karkalas, 2001 ). All viscosity parameters and pasting temperatures of grain had a wide range across environments, whereas the variation in peak time was less (Table 1) . The peak and breakdown viscosities were greater for grain produced in 2004 than in 2005, while all other RVA parameters were greater for grain produced in 2005 (Table 6 ). The 2005 growing season had higher temperatures and potential evaporations than 2004 and low rainfall during the month of August, and produced denser grain (Griess et al., 2010) , and starch concentrations were lower. The peak and trough viscosities, the pasting temperature, and the starch concentration of grain were greater under irrigated *Signifi cant at P ≤ 0.05 level of probability.
**Signifi cant at P ≤ 0.01 level of probability. † Grain yield, kernel mass, bulk density, true density, and removal by tangential abrasive dehulling device were previously reported in Griess et al., 2010. than under dryland water regimes, consistent with the results of Taylor et al. (1997) . The Orleans (2005) environment, the most water-stressful environment, produced grain with high protein and low starch concentrations, the lowest peak, trough, breakdown, fi nal, and setback viscosities, and relatively high peak time and intermediate pasting temperature (Tables 1 and 6; Fig. 1D) ; it also produced the densest grain (Griess et al., 2010) . These results indicated that starch granules in the fl our from this environment hydrated more slowly (due to the thick protein matrix surrounding the starch granules) and took longer to gelatinize, that the fl our slurry was less stable during shear-force thinning, and that the aligned starch molecules did not reassociate well with each other. Grain produced in this environment would therefore be well suited for food products made by dry milling (Johnson, 2005) and alkaline cooking (Almeida-Dominguez et al., 1997; Johnson et al., 2010) .
In (Griess et al., 2010) , and the Mead dryland low-N 2005 environment produced grain with low protein and high starch concentrations. These results suggest that these three environments produced grain useful for processed and canned products (Beta et al., 2000) , porridge (Taylor et al., 1997) , ethanol (Wu et al., 2007; Zhao et al., 2008) , and/or consumable alcohol (Agu and Palmer, 1998; Agu et al., 2006) .
The Clay Center irrigated 2005 environment produced the highest grain yield (Griess et al., 2010) , grain with low protein and intermediate starch concentrations, and *Signifi cant at P ≤ 0.05 level of probability.
**Signifi cant at P ≤ 0.01 level of probability. † Residual df varied due to limited grain mass from some plots making it impossible to conduct all quality tests. These were treated as missing plots. The Mead dryland low-N environments had a combination of water and N stress, with the N stress being much more severe in 2004 than in 2005. In both years the Mead dryland low-N environments produced grain that had the highest breakdown viscosities, whereas in 2004 this environment also produced the lowest trough, fi nal, and setback viscosities, low peak time and pasting temperature (Table  1 ; Fig. 1B) , and the softest grain (Griess et al., 2010) . Grain produced in the Mead dryland low-N 2004 environment was of very poor quality for all common end uses.
Hybrid Main Effects
Protein concentrations of food-grade and non-food-grade hybrids were similar, whereas the food-grade variety, Macia, had higher protein concentration than the foodgrade hybrids (Tables 7 and 8 ). Medium-maturity hybrids had slightly higher protein concentrations than late-maturity hybrids, which was partially associated with 0.4 Mg ha −1 lower grain yields (Griess et al., 2010) . Duvick (2005) also reported a similar relationship between grain yield and protein concentration. Starch concentrations were slightly greater in the grain of food-grade hybrids, while the maturity classifi cation had little eff ect (Table 8 ). Although the average was similar, food-grade hybrids had a wider range of protein and starch concentrations than among non-foodgrade hybrids (Table 7) , thus high protein or starch concentrations could be achieved by selecting the best hybrids. In most cases, an inverse relationship between protein and starch concentrations appeared to be present, as expected (Barbosa Pinto et al., 2009) . Food-grade hybrids with high amounts of starch and low amounts of protein that could be converted to fermentable sugars would be desirable to brewers (Agu and Palmer, 1998) .
The range of hybrid diff erences for RVA viscosities (Table  7) was less than the range of environment diff erences (Table 1) . On average, food-grade hybrids had higher peak and breakdown viscosities (Table 8) , and the food-grade check variety Macia, which produced dense kernels across environments (Griess et al., 2010) , had lower values for all RVA viscosities (Tables 7 and 8 ; Fig. 2A ). Maturity classifi cation had little to no infl uence on starch viscosity parameters (Table 8) .
The results of RVA analysis allowed food-grade sorghums to be clustered into three groups. The viscosities for Macia, Asgrow Orbit, and Sorghum Partners NK1486 were similar (Table 7 ; Fig. 2B ). They had low peak, trough, breakdown, and fi nal viscosities with high peak time and pasting temperatures. These results indicate that the starch granules in the fl our hydrated more slowly and took longer to gelatinize, that the fl our slurry was less stable when exposed to shear, and that aligned starch molecules did not reassociate well with each other. Grain from these hybrids would likely be well suited for food products made by dry milling ( Johnson, 2005) or alkaline cooking (Almeida-Dominguez et al., 1997; Johnson et al., 2010) .
Food-grade hybrids with high peak, trough, breakdown, and fi nal viscosities and low peak time and pasting temperature were NC+ Hybrids 7W92, Kelly Green Seed KG6902, Asgrow Eclipse, and Fontanelle W-1000 (Table  7 ; Fig. 2C ). Flour from grain produced by these hybrids hydrated quickly to produce high peak viscosities and dispersed starch molecules during shear thinning, which then became highly aligned and could therefore result in gels that had increased stability, as indicated by high fi nal and setback viscosities. Grain from these hybrids was soft (Griess et al., 2010) and had lower protein and higher starch concentrations ( Table 1 ), suggesting that these hybrids would be useful in canned-food (Beta et al., 2000) , porridge (Taylor et al., 1997), ethanol (Wu et al., 2007; Zhao et al., 2008) , and consumable-alcohol production (Agu and Palmer, 1998; Agu et al., 2006) . The viscosities for other food-grade and non-food-grade hybrids were intermediate.
Environment-by-Hybrid Interaction
The eff ect of the environment-by-hybrid interaction composed 3% or less of the total variation for all RVA parameters measured (Table 5 ). Partitioning of the interaction eff ect indicated that hybrid maturity had little eff ect, whereas minor diff erences were present between food-grade and non-foodgrade hybrids for peak, fi nal, and setback viscosities and pasting temperature. These viscosities and pasting temperature increased as the environment means increased, with slopes close to 1 (ranging from 0.98 to 1.08; Fig. 3 ), in contrast to food processors' preference for stable grain quality (i.e., slopes < 1), which give similar starch viscosity response during processing. The peak viscosity was greater for food-grade hybrids when environmental means were low but was greater for non-foodgrade hybrids when environmental means were high (Fig.  3A) . The fi nal and setback viscosities and pasting temperature were always higher for non-food grade hybrids than for food grade hybrids, and the diff erence was small and nearly constant across the environmental means (Fig. 3B, 3C, and 3D ).
CONCLUSION
The environment in which sorghum is produced clearly has a greater infl uence on RVA starch-viscosity properties of sorghum grain than does hybrid selection or hybridby-environment interactions. Unfortunately, these results suggest that it is diffi cult to predict the eff ect that environment will have on resulting starch viscosity properties since similar environments (as defi ned by location, water availability, and N stress) resulted in variable sorghum RVA starch properties. Additional information on the eff ect of environment on resulting sorghum-starch properties will be needed to build reliable predictive models. Although of secondary importance in terms of total variation in sorghum-starch RVA properties, the choice of hybrid predictably and signifi cantly contributes to sorghum-starch viscosity properties. RVA analysis clearly indicated that grain and glume color (the de facto defi nitive parameters of food-grade sorghum) are not the only important properties defi ning grain quality in food-grade sorghum. Food-grade sorghum hybrids were grouped based on viscosity properties into those best suited for dry-mill and alkaline-cooked products (Asgrow Orbit, Sorghum Partners NK1486) and those best suited for porridge, consumable alcohol and ethanol production (Kelly Green KG6902, NC+ Hybrids 7W92, Asgrow Eclipse and Fontanelle W-1000). There results were consistent with those previously reported for grain density, and protein and starch concentrations (Griess et al., 2010) .
